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ABSTRACT 

This  report  presents  the  results  of  finite  element  analyses  conducted  to  calculate  the 
magnitude  of  adhesive  stresses  for  a  large  plate  with  a  bonded  msert,  and  study  the 
interaction  of  key  parameters  including  (i)  insert  shape,  and  (ii)  adhesive  modulus  and 
thickness,  with  maximum  plate  stresses.  Results  are  presented  for  circular,  oval  and 
elliptical  insert  cases.  It  is  shown  that  changing  the  key  variables  can  improve  the 
efficiency  of  such  repairs,  however  due  to  typically  high  adhesive  stresses,  careful 
consideration  must  be  given  to  the  level  of  applied  loading  and  the  design  of  the  insert 
chosen.  In  general,  for  a  particular  shape  of  reinforcement,  there  is  a  trade-off  between 
plate  and  adhesive  stress  magnitudes.  This  relationship  is  such  that  minimising 
adhesive  stresses  (through  increasing  adhesive  thickness  or  redu^g  adhesive 
modulus)  reduces  the  beneficial  effect  on  plate  stresses  of  the  bonded  reinforcement.  It 
is  shown  that  for  circular  inserts  this  relationship  is  essentially  linear. 
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Effect  of  Bonded  Insert  Shape  and  Adhesive 
Thickness  on  Critical  Stresses  in  a  Loaded  Plate 


Executive  Summary 


At  AMRL  particular  attention  has  been  given  to  the  analysis  and  development  of 
methods  suitable  for  the  life  extension  of  aircraft  components,  in  particular,  airframes. 
The  development  of  bonded  composite  repair  technology  suitable  for  the  life  extension 
of  aircraft  structures  has  been  a  specific  focus.  Many  such  repairs  have  been  applied  to 
aircraft  in  service  with  the  Royal  Australian  Air  Force. 

Some  investigations  on  another  form  of  bonded  reinforcement  have  also  been 
undertaken,  where  a  metaUic  insert  is  bonded  into  a  hole,  in  the  context  of  life 
extension  of  plates  containing  imcracked  or  cracked  holes.  One  perceived  scenario  is 
that  for  the  case  of  a  cracked  hole;  the  crack  could  be  removed  by  hole  reaming,  and 
then  an  insert  bonded  into  the  resultant  oversized  hole.  Early  theoretical  (fimte 
element)  and  experimental  investigations  have  indicated  tiiat  (asstuning  the  adhesive 
remains  intact)  stress  concentrations  and  stress  intensity  factors  can  be  significantly 
reduced,  and  also  significant  improvements  in  fatigue  life  have  been  demonstrated. 

These  promising  results  prompted  further  work  on  this  topic  by  DRA  and  AMRL 
tmder  the  auspices  of  an  AAMOUR  agreement.  Here  testing  of  aliuninium  specimens 
with  a  bonded  steel  insert  under  both  constant  amplitude  and  FALSTAFF  sequences 
was  undertaken.  However  in  these  tests  minimal  or  no  life  unprovement  was  shown. 
In  view  of  these  unexpected  results  it  was  decided  that  AMRL  work  (reported  herein), 
be  directed  towards  quantifying  the  distribution  and  magnitude  of  adhesive  stresses, 
and  study  the  interaction  of  key  parameters  including  (i)  insert  shape,  and  (ii)  adhesive 
modulus  and  thickness,  with  maximum  plate  stresses. 

It  has  been  shown  herein  that  in  general,  adhesive  stresses  are  high  at  particular 
locations  around  the  insert/ plate  interface.  Hence  to  effectively  use  bonded  inserts, 
careful  consideration  must  be  given  to  the  level  of  applied  loading  and  the  particular 
design  of  insert.  Analyses  and  results  have  been  presented  for  circular,  oval  and 
elliptical  insert  cases.  It  has  been  shown  that  changing  the  key  variables  can  improve 
the  efficiency  of  such  repairs.  In  general,  for  a  particular  shape  of  reinforcement,  there 
is  a  trade  off  between  plate  and  adhesive  stresses.  This  is  such  that  minimising 
adhesive  stresses  (through  increasing  adhesive  thickness  or  reducing  its  modulus) 
reduces  the  beneficial  effect  on  plate  stresses  of  the  bonded  reinforcement.  For  circular 
irrsert  cases  this  relationship  is  essentially  linear. 
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1.  Introduction 


At  AMRL  partiailar  attention  has  been  given  to  the  analysis  and  development  of  methods 
suitable  for  the  hfe  extension  of  aircraft  components,  in  particular,  airframes.  The 
development  of  bonded  composite  repair  technology  suitable  for  the  life  extension  of 
aircraft  structures  has  been  a  specific  focus.  Many  such  repairs  have  been  applied  to  aircraft 
in  service  with  the  Royal  Australian  Air  Force. 

Some  investigations  on  another  form  of  bonded  reinforcement  have  also  been  undertaken, 
where  a  circular  metallic  insert  is  bonded  into  a  hole,  in  the  context  of  the  life  extension  of 
plates  containing  uncracked  or  cracked  holes.  One  perceived  scenario  is  that  for  the  case  of  a 
cracked  hole,  the  crack  could  be  removed  by  hole  reaming  and  then  an  insert  bonded  into 
the  resultant  oversized  hole. 

Finite  element  analyses  were  tmdertaken  by  Jones  and  Callinan  [1]  to  investigate  the  repair 
of  a  cracked  lug  using  an  adhesively  bonded  insert.  It  was  shown  that  stress  intensity 
factors  were  reduced  by  using  the  bonded  insert.  In  experimental  work  reported  by  Mann  et 
al  [2],  die  fatigue  performance  of  initially  uncracked  specimens  each  containing  a  bonded 
rivet  was  compared  to  that  of  specimens  with  an  open  hole  and  holes  that  were  cold 
expanded  (with  and  without  a  pressed-in  rivet),  for  a  Mirage  loading  spectrum.  Significant 
improvements  in  fatigue  hfe  were  demonstrated. 

In  subsequent  work  the  results  of  two-dimensional  elastic  ftmte  element  analyses  of 
aluminium  alloy  plate  specimens  containing  bonded  inserts  are  given  by  HeUer  et  al  [3], 
who  showed  that  if  the  adhesive  remains  intact,  die  stress  concentration  factor  at  a  hole  and 
the  stress  intensity  factor  at  a  cracked  hole  are  significandy  reduced  if  the  hole  contains  a 
bonded  rivet  or  bonded  steel  insert.  For  the  case  of  aluminium  alloy  plates  containmg  a  hole 
with  a  bonded  insert  in  the  presence  of  a  three  dimensional  flaw,  the  results  of  elastic  finite 
element  analyses  were  given  by  Heller  et  al  [4].  It  was  shown  (assuming  the  adhesive 
remains  intact)  that  plate  stress  intensity  factor  is  significandy  reduced  by  using  bonded 
steel  inserts  alone,  or  in  conjunction  with  a  bonded  patch.  Favourable  fatigue  test  results 
under  constant  ampHtude  loading  conditions  for  this  problem  are  also  reported  by  Heller  et 
al[5]. 

More  recendy,  work  has  been  undertaken  at  DRA  and  AMRL  on  this  topic  under  an 
AAMOUR  agreement.  Topic  68.  In  this  experimental  investigation,  testing  of  specimens  of 
siTTiilaT  geometry  to  those  in  [4,5]  with  bonded  steel  inserts  under  both  constant  amplitude 
and  FALSTAFF  sequences,  was  undertaken.  Minimal  or  no  life  improvement  was  shown 
[6,7].  In  view  of  these  unexpected  results  it  was  decided  that  further  AMRL  work  be 
directed  towards  quantifying  the  distribution  and  magmtude  of  adhesive  stresses,  and  to 
study  the  interaction  of  key  parameters  including  (i)  insert  shape,  and  (ii)  adhesive  modulus 
and  thickness,  with  maximum  plate  stresses. 
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A  description  of  the  finite  element  analysis  approach  taken  is  given  in  Section  2.  This  is 
followed  in  Sections  3, 4  and  5  with  analyses  and  results  for  the  circular,  oval  and  elliptical 
insert  cases  respectively.  The  results  are  then  discussed  in  Section  6. 


2.  Finite  element  analysis  approach 


2.1  Geometry 

The  plate  without  reinforcement  is  shown  in  Figure  1.  It  is  loaded  by  a  remote  stress  g^,  is 
of  width  w,  and  height  Ih .  The  centrally  located  hole  is  of  radius  .  It  is  assumed  for  the 
repair  that  an  insert  is  bonded  into  the  hole,  as  shown  schematically  for  the  case  of  a  circular 
insert  in  Figure  2.  In  this  work  three  shapes  of  the  insert  are  considered,  they  are  (i)  circular 
(ii)  oval  and  (iii)  eUiptical. 


2.2  Finite  element  modelling 


All  analyses  were  undertaken  using  the  PAFEC  finite  element  package,  level  7,  taking  linear 
elastic  two-dimensional  plane  stress  conditions.  The  computer  used  was  a  HP9000  -  755.  In 
aU  finite  element  cases  considered  it  was  only  necessary  to  model  one-quarter  of  the  plate 
due  to  symmetry.  The  following  geometric,  material  and  loading  conditions  were 
consistently  used  for  aU  relevant  analyses  unless  otherwise  stated. 


(i)  Insert: 


Yotmg's  modulus  =  200  GPa, 

Poisson's  ratio  v-  =  03 

insert  inner  radius  =  2.9  mm 


(ii)  Plate: 


Yotmg's  modulus 
Poisson's  ratio 

widdi 

height 

height 

height 

height 

initial  hole  radius 
remote  stress 


Ep  =  70  GPa 
Vp  =  033 
w  =  65  mm 

2h  =  65 mm  (circular  hole  cases) 

2h  =  72.8  mm  (oval  hole  cases  with  /  =  3.9  mm) 
2h  =  88.8  rmn  (oval  hole  cases  with  /  =  1 1.9  mm) 
2h  =  SO  mm  (elliptical  hole  cases) 

=  4mm 
G^  =115  MPa 
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(iii)  Adhesive: 

Type  A  (Typical  of  an  acrylic  adhesive) 

Young's  modtdus  =  945  MPa 

Poisson's  ratio  =  0.35 

Type  B  (Typical  of  an  epoxy  adhesive) 

Young's  modulus  =2758  MPa 

Poisson's  ratio  =  035 

At  this  stage  it  is  convenient  to  define  the  normalised  maximum  plate  stress  (NMPS)  for  the 
reinforced  geometry  for  a  particular  insert  shape  as  NMPS  =  fC*/  fC“.  Here  K*  is  the  maximum 
stress  concentration  factor  in  the  plate  for  the  reinforced  configuration  and  ]<:“  is  the 
maximum  stress  concentration  factor  in  the  plate  for  the  umeinforced  configuration.  To 
compare  different  hole  shape  cases  it  must  be  remembered  that  fC“  is  different  for  each,  and 
hence  NMPS  is  relative  only  to  a  given  hole  shape. 


3.  Plate  with  bonded  circular  insert 


3.1  Finite  element  modelling  details 

A  schematic  for  this  reinforcement  case  is  shown  in  Figure  2.  For  all  cases  the  plate  hole 
radius  is  kept  constant  at  -  4  mm,  and  the  insert  inner  radius  is  constant  at  =  2.9  mm, 
giving  a  nominal  insert  wall  thickness  of  1  mm.  However,  to  accommodate  cases  of  varying 
adhesive  thickness  aroimd  the  plate  hole  botmdary,  the  location  of  the  insert/ adhesive 
interface  is  allowed  to  vary  and  is  defined  in  the  cartesian  co-ordinates  (JY,  Y)  as  follows: 


X 


^A-t 


(6=0) 


)^+( 


A-t 


— r  =1 

(6=90)  > 


(1) 


The  finite  element  mesh  consisted  of  approximately  345,  eight-noded  rectangular  iso¬ 
parametric  elements.  A  typical  mesh  is  shown  in  Figure  3.  The  adhesive  was  modelled  using 
one  layer  of  elements  and  both  adhesive  types,  namely  A  and  B,  were  considered. 


3.2  Benchmark  cases  for  bounding  and  validation 

A  number  of  preliminary  analyses  were  undertaken  using  this  mesh  to  confirm  the  accuracy 
of  tire  model.  For  the  open  hole  (unreinforced)  case,  the  stress  concentration  factor  was 
obtained  as  K'‘  =  3.14,  as  compared  to  K'‘  =  3.05  from  Peterson  [8].  A  lower  bound  for  the 
repaired  plate  stress  concentration  factor,  ,  can  be  obtained  by  assuming  the  insert  is 
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rigidly  connected  to  the  plate;  in  this  case  the  FE  analysis  gives  K'’  =  0.91  (for  a  finite  width 
plate),  while  from  Koplic  and  Klassen  [9],  K‘’  =  0.8  (for  an  infinite  plate). 


3.3  Analysis  and  results  for  cases  with  constant  adhesive  thickness 

The  adhesive  stresses  in  polar  co-ordinates  (r,  6)  are  given  in  Figures  4  and  5  for  the  two 
adhesives,  respectively.  Each  figure  presents  results  showing  the  effect  of  differing  uniform 
adhesive  thickness,  and  gives  results  at  both  the  insert/adhesive  and  adhesive/ plate 
interfaces.  The  interaction  of  the  maximum  adhesive  radial  (peel)  and  shear  stresses,  with 
normalised  maxirnmn  plate  stress,  showing  the  effect  of  adhesive  moduli  and  thickness,  is 
given  in  Figure  6.  To  help  clarify  the  trends,  additional  results  for  another  value  of  adhesive 
modulus  are  also  given  in  this  figure. 


3.4  Analysis  and  results  for  cases  with  varying  adhesive  thickness 

The  adhesive  stresses  in  polar  co-ordinates  are  given  in  Figures  7  and  8  for  the  two 

different  adhesives,  types  A  and  B,  respectively.  In  each  figure  results  are  presented 
showing  the  effect  of  adhesive  thickness  variation  with  angular  position  6.  Results  are 
given  at  both  the  insert/ adhesive  and  adhesive/plate  interfaces.  The  interaction  of  the 
maximum  adhesive  radial  and  shear  stresses,  with  the  normalised  maximum  plate  stresses, 
showing  the  effect  of  variation  in  adhesive  moduli  and  thickness,  is  given  in  Figure  9. 


4.  Plate  with  bonded  oval  insert 

4.1  Finite  element  modelling  details 

A  schematic  for  this  reinforcement  case  is  shown  in  Figure  10.  For  aU  cases  the  radii  at  the 
ends  of  the  oval  hole  boundary  are  kept  as  =  4  mm  with  the  extension  length  /  allowed 
to  vary  such  that  3.9  mm  <l  <  11.9  mm.  For  all  cases  the  insert  inner  radius  is  constant  at 
Vf.  =  2.9  mm.  However,  to  accommodate  cases  of  varying  adhesive  thickness  aroimd  the 
plate  hole  boundary,  the  location  of  the  insert/  adhesive  interface  is  defined  as  follows: 

for 

0<7</;  X  =  (2) 

(4 _  ^^ie=o) ^4 _ ^  '^l^ere  x  =  X,  and  y  =  Y-l  (3) 
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The  finite  element  meshes  consisted  of  between  600  and  1056  elements.  These  included 
8-noded  rectangular  iso-parametric  elements  as  well  as  6-noded  triangular  iso-parametric 
elements.  A  typical  mesh  is  shown  in  Figure  11.  The  adhesive  was  modelled  using  one  layer 
of  elements.  Type  A  adhesive  only  was  used  in  all  cases.  Figure  6,  for  the  circular  insert 
cases  (which  also  used  type  B  adhesive),  shows  an  essentially  linear  relationship  between 
E  ,  and  other  key  variables.  Hence  it  was  believed  sufficient  to  consider  only  one  type  of 
adhesive,  i.e.  one  value  of  ,  in  other  work.  This  aspect  is  further  discussed  in  Section  6.1. 


4.2  Benchmark  cases  for  bounding  and  validation 

For  the  open  hole  (tmbonded)  case  with  /  =  3.9  mm,  the  stress  concentration  factor  was 
determined  by  the  finite  element  analysis  as  fC  =2.46,  while  for  /  =  1 1.9  mm,  K"  =  2.32.  A 
lower  bound  for  the  repaired  plate  stress  concentration  factor,  K’’  ,  can  be  obtained  by 
assuming  the  insert  is  rigidly  connected  to  the  plate,  in  this  case  the  finite  element  analysis 
gives  K’’  =  1.16  for  /  =  3.9  mm,  and  K‘’  =  1.39  for  /  =  1 1.9  mm.  No  analytical  solutions  were 
fotmd  in  the  literature  for  these  cases. 


4.3  Analysis  and  results  for  cases  with  constant  adhesive  thickness 

The  adhesive  stresses  in  polar  co-ordinates  (r,a),  are  given  in  Figures  12  and  13  for 
adhesive  type  A,  for  two  different  extension  lengths  respectively.  Each  figure  presents 
results  showing  the  effect  of  adhesive  thickness.  Results  are  given  at  both  the 
insert/ adhesive  and  adhesive/ plate  interfaces.  The  interaction  of  maximum  adhesive  radial 
and  shear  stresses,  with  normalised  maximum  plate  stress,  showing  the  effect  of  adhesive 
thickness  and  extension  length,  is  given  in  Figure  15. 


4.4  Analysis  and  results  for  cases  with  varying  adhesive  thickness 

The  adhesive  stresses  in  polar  co-ordinates  (r,  a) ,  are  given  in  Figure  14  for  adhesive  type 
A,  for  extension  length  /  =  1 1.9  mm.  Each  figure  presents  results  showing  the  effect  of 
adhesive  thickness  variation.  It  should  be  noted  that  the  adhesive  thickness  variation  occurs 
arotmd  the  radiused  end  of  the  oval  hole.  Results  are  given  at  both  the  insert/  adhesive  and 
adhesive/ plate  interfaces.  The  interaction  of  the  maximum  adhesive  radial  and  shear 
stresses,  with  normalised  maximum  plate  stress  and  adhesive  thickness  variation,  is  given 
in  Figure  15. 
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5.  Plate  with  bonded  elliptical  insert 


5.1  Finite  element  modelling  details 


A  schematic  for  this  reinforcement  case  is  shown  in  Figure  16.  For  all  cases  the  plate  hole 
botmdary  is  defined  as 


4  12 


(4) 


For  all  cases  the  insert  inner  radius  is  constant  at  =  2.9  mm.  However,  to  accommodate 
cases  of  varying  adhesive  thickness  around  the  plate  hole  bormdary,  the  location  of  the 
insert/ adhesive  interface  is  defined  as  follows: 


X 


A-t 


(a=0) 


12-/ 


— r  =1 

=901  y 


(a=90) 


(5) 


It  should  be  noted  that  in  comparison  to  the  previous  cases  considered,  the  average 
adhesive  thickness  is  significantly  greater.  The  finite  element  mesh  consisted  of 
approximately  1300  elements,  comprising  8-noded  rectangular  iso-parametric  elements,  and 
6-noded  triangular  iso-parametric  elements.  A  typical  mesh  is  shown  in  Figure  17.  Due  to 
the  large  thickness  of  adhesive,  between  3  and  6  layers  of  elements  were  used  to  model  it. 
As  for  the  oval  hole,  properties  for  the  adhesive  type  A  were  used  for  aU  analyses. 


5.2  Benchmark  cases  for  bounding  and  validation 

For  the  open  hole  (rmbonded)  case,  the  stress  concentration  factor  was  obtained  from  the 
finite  element  analysis  as  X"  =  1.8,  for  the  finite  width  plate.  This  compares  well  with 
X"  =  1.67  obtained  from  ESDU  [10]  for  an  infinite  plate. 


5.3  Analysis  and  results  for  cases  with  varying  adhesive  thickness 

The  adhesive  stresses  in  local  coordinates,  normal  to  the  interface  shape,  which  is  defined  in 
polar  co-ordinates  (r,  a) ,  are  given  in  Figure  18  for  adhesive  type  A.  The  results  showing 
the  effect  of  adhesive  thickness  variation  are  given  at  both  the  insert/adhesive  and 
adhesive/ plate  interfaces.  The  interaction  of  the  maximum  adhesive  radial  and  shear 
stresses  with  normalised  maximum  plate  stresses,  showing  the  effect  of  adhesive  thickness 
variation,  is  shown  in  Figure  19. 
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6.  Discussion  of  results 


6.1  Plate  with  bonded  circular  insert 

(i)  Constant  adhesive  thickness  cases 

All  radial  and  tangential  adhesive  stresses  are  tensile.  It  can  be  seen  that  die  peak  shear 
stresses  occur  near  0=^5° .  There  is  a  small  difference  between  adhesive  stresses  at  the 
insert/adhesive  and  adhesive/plate  interfaces,  the  difference  increasing  with  increase  in 
adhesive  thickness,  as  expected.  As  the  adhesive  thickness  is  increased  all  stress 
components  reduce.  Conversely,  as  the  adhesive  modulus  is  increased  all  adhesive  stresses 
are  increased.  As  expected,  to  achieve  a  reduction  in  the  normalised  maximum  plate  stress, 
the  maximum  radial  and  shear  adhesive  stresses  are  increased.  Interestingly,  irrespective  of 
and  ,  there  is  very  close  to  a  linear  relationship  between  normalised  maximum  plate 
stress  and  maximum  adhesive  radial  stress.  It  is  reasonable  to  assume  that  this  would  apply 
for  other  plate  and  insert  material  property  and  similar  geometry  cases.  Similarly  there  is 
also  a  close  to  linear  relationship  between  normalised  maximum  plate  stress  and  maximtun 
adhesive  shear  stress. 

(ii)  Variable  adhesive  thickness  cases 

Again  all  adhesive  radial  and  tangential  stresses  are  tensile.  It  can  be  seen  that  unlike  the 

constant  thickness  cases,  the  location  of  peak  shear  stresses  moves  away  from  6-A5^ ,  and 
that  for  a  given  geometry  there  is  more  difference  between  stresses  at  the  insert/  adhesive 
and  adhesive/plate  interfaces.  As  before,  when  the  adhesive  modulus  is  increased  all 
adhesive  stresses  are  increased.  It  is  clear  from  Figure  9,  that  the  adhesive  thickness 
variation  2  is  significantly  better  than  that  of  variation  1  for  reducing  both  plate  and 
adhesive  stresses,  irrespective  of  the  adhesive  modulus. 

6.2  Plate  with  bonded  oval  insert 

(i)  Constant  adhesive  thickness  cases 

Unlike  the  circular  insert  case,  the  radial  stresses  become  negative  for  a  reasonable  region, 
and  there  is  no  stress  peak  at  the  0  =  45"  location.  Also  it  can  be  seen  that  unhke  the  circular 
insert  case,  there  is  a  pronounced  peak  in  radial  stress  dA.  6  =  90" .  There  is  also  a  prominent 
change  in  the  radial  stress  distribution  in  the  auved  region,  for  the  case  of  /  =  1 1.9  mm.  It  is 
beheved  this  is  due  to  the  change  in  local  geometry.  Again  there  is  Httle  difference  between 
adhesive  stresses  at  the  insert/adhesive  and  adhesive/ plate  interfaces.  As  the  adhesive 
thickness  is  increased  aU  stress  components  reduce.  It  is  clear  that  the  increased  extension 
length  is  detrimental  for  both  plate  and  adhesive  stresses,  irrespective  of  the  adhesive 
thickness. 
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(ii)  Variable  adhesive  thickness  cases 

The  radial  stress  results  have  a  similar  trend  to  those  of  constant  adhesive  thickness  cases, 
however,  there  is  a  greater  difference  between  the  radial  stresses  at  the  insert/ adhesive  and 
adhesive/plate  interfaces  where  the  adhesive  thickness  increases.  Similarly,  hoop  and  shear 
adhesive  stresses  have  a  significant  variation  across  the  adhesive  thickness  in  this  region. 
The  shear  stresses  remain  relatively  high  for  a  minimal  reduction  in  plate  stresses. 


6.3  Plate  with  bonded  elliptical  insert 

The  radial  and  hoop  stresses  become  negative  for  a  reasonable  region,  and  there  is  a  positive 
shear  stress  peak  in  the  region  of  ^  =  70°  to  80° .  Also  it  can  be  seen  that  unlike  the 
circular  insert  case,  there  is  a  pronoimced  peak  in  radial  stresses  at  ^  =  90° .  There  is  little 
difference  between  adhesive  stresses  at  the  insert/ adhesive  and  adhesive/ plate  interfaces 
for  the  locations  of  0°  to  70°  arotmd  the  hole.  From  a  stress  analysis  perspective  the  use  of  an 
elliptical  insert  is  the  best  option.  A  significant  contributing  factor  is  of  course  the  fact  that 
the  stress  concentration  factor  for  the  open  elliptical  hole  is  1.8,  as  compared  to  3.14  for  the 
open  circular  hole. 


7.  Conclusions 


In  this  report  the  emphasis  has  been  directed  towards  minimising  the  magnitude  of 
adhesive  and  maximum  plate  stresses,  and  studying  the  effect  of  key  parameters  including 
(i)  insert  shape,  and  (ii)  adhesive  modulus  and  thickness.  Analyses  and  results  have  been 
presented  for  circular,  oval,  and  elliptical  insert  cases.  It  has  been  shown  that  changing  the 
key  variables  can  improve  the  efficiency  of  such  repairs.  Some  of  the  main  conclusions  that 
can  be  drawn  from  this  work  include  the  following: 

(i)  In  general,  for  a  particular  shape  of  reinforcement  there  is  a  trade-off  between  plate  and 
adhesive  stresses.  This  is  such  that  minimising  adhesive  stresses  generally  reduces  the 
beneficial  effect  on  plate  stresses  of  the  bonded  reinforcement. 

(ii)  For  all  repairs  considered,  there  was  very  little  difference  between  adhesive  stresses  at 
the  insert/ adhesive  and  adhesive/ plate  interfaces,  unless  the  adhesive  layer  was  qxiite 
thick. 

(iii)  For  the  circular  insert  case,  for  a  given  value  of  adhesive  modulus,  a  value  of  adhesive 
thickness  can  be  chosen  such  that  there  is  a  relationship  very  close  to  linear  between 
normahsed  maximum  plate  stress  and  maximum  adhesive  radial  stress.  Similarly  there 
is  close  to  a  linear  relationship  between  normalised  maximum  plate  stress  and 
maximtim  adhesive  shear  stress.  For  a  given  selection  of  relative  plate  and  insert 
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(iv)  For  the  ciroilar  insert  case  there  was  negligible  advantage  in  having  a  non  uniform 
distribution  of  adhesive  thickness  around  the  boundary. 

(v)  The  results  for  the  oval  hole  case  indicated  no  real  benefit  compared  to  the  circular 
insert  case,  due  to  very  high  local  radial  stresses. 

^Yi)  To  achieve  a  significant  reduction  in  plate  stress  concentration,  while  attaining 
relatively  low  adhesive  stresses,  the  elliptical  insert  is  the  best  option  from  a  stress 
analysis  viewpoint.  A  significant  contributing  factor  to  this  is  the  fact  that  the  stress 
concentration  factor  for  the  open  eUiptical  hole  is  1.8,  as  compared  to  3.14  for  the  open 
circular  hole.  It  is  reasonable  to  expect  that  the  more  slender  the  ellipse,  the  better  the 
results  will  be.  Due  to  the  greater  difficulty  in  machining  an  elliptical  shape  however, 
the  practical  and  economic  value  of  his  approach  is  restricted. 
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Figures 
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Figure  1.  Geometry  of  specimen  with  circular  hole. 


Figure  2.  Schematic  of  region  around  hole  for  circular  insert  case 
adhesive  thickness. 
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(c)  tg  =  0.2  mm 

Figure  4.  Adhesive  stresses  for  circular  insert  with  constant  adhesive  thickness  for 
E.  =  945  MPa,  v„  =  0.35  and  remote  plate  stress  of  cr^  =115  MPa. 
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(b)  tg  =  0.1  mm 


(c)  =  0.2  mm 


Figure  5.  Adhesive  stresses  for  circular  insert  with  constant  adhesive  thickness  for 
=  2758  MPa,  =  0.35  and  remote  plate  stress  of  cr  =  1 15  MPa. 
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Position  around  hole  (degrees) 


(a)  Adhesive  thickness  variation  1,  with  =  0.15  mm  and  =  0.3  mm 
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(b)  Adhesive  thickness  variation  2,  with  t^~°  =  0.3  mm  and  =  0.15  mm 

Figure  7.  Adhesive  stresses  for  circular  insert  with  varying  adhesive  thickness  for 
=  945  MPa,  =  0.35  and  remote  plate  stress  of  cr  =  1 15  MPa. 
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(a)  Adhesive  thickness  variation  1,  with  -  0.15  mm  and  0.3  mm 


(b)  Adhesive  thickness  variation  2,  with  =  0.3  mm  and  if  -  0.15  mm 

Figures.  Adhesive  stresses  for  circular  insert  with  varying  adhesive  thickness  for 
=  2758  MPa,  =  0.35  and  remote  plate  stress  of  =  115  MPa. 
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Figure  10.  Schematic  of  region  aroimd  hole  for  oval  insert  case. 
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(a)  Overall  model 
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Insert 


(b)  Region  around  hole 

Figure  11.  Typical  finite  element  model  for  plate  with  oval  insert. 


Stress  (MPa)  Stress  (MPa)  Stress  (MPa) 


100 


DSTO-TR-0409 


Position  around  hole  (degrees) 


(b)  =  0.2  mm 


Position  around  hole  (degrees) 
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Figure  12.  Adhesive  stresses  for  oval  insert  with  constant  adhesive  thickness  for 
E  =  945  MPa,  =  0.35 ,  /  =  3.9  mm  and  remote  plate  stress  of  cr^  =  1 15  MPa. 
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Figure  13.  Adhesive  stresses  for  oval  insert  with  constant  adhesive  thickness  for 

=  945  MPa,  =  0.35,  /  =  1 1.9  mm  and  remote  plate  stress  of  cr  =  1 15  MPa 
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Position  around  hole  (degrees) 


(a)  Adhesive  thickness  variation  3,  with  =  0.3  mm  and  =  1mm 


Position  around  hoie  (degrees) 


(b)  Adhesive  thickness  variation  4,  with  °  =  0.3  mm  and  =  1.5  mm 

Figure  14.  Adhesive  stresses  for  oval  insert  with  varying  adhesive  thickness  for 

=  945  MPa,  =  0.35 ,  /  =  1 1.9  mm  and  remote  plate  stress  of  =  1 1 5  MPa. 
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Figure  15.  Maximum  adhesive  stresses  versus  normalised  maximum  plate  stresses  for  oval 
insert  with  =  945  MPa  and  =  035 ,  showing  effect  of  variation  in  adhesive 
thickness  and  extension  length.  Remote  plate  stress  is  cr„  =  1 15  MPa. 
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Figure  18.  Adhesive  stresses  for  elliptical  insert  with  varying  adhesive  thickness  for 
E  =  945  MPa,  =  0.35  and  remote  plate  stress  of  a ^  =  1 15  MPa. 
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typically  high  adhesive  stresses,  careful  consideration  must  be  given  to  the  level  of  applied  loading  and  the  design 
of  the  insert  chosen.  In  general,  for  a  particular  shape  of  reinforcement,  there  is  a  trade-off  between  plate  and 
adhesive  stress  magnitudes.  This  relationship  is  such  that  minimising  adhesive  stresses  (through  increasing 
adhesive  thickness  or  reducing  adhesive  modulus)  reduces  the  beneficial  effect  on  plate  stresses  of  the  bonded 
reinforcement.  It  is  shown  that  for  circular  inserts  this  relationship  is  essentially  linear.  _ 
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